Background and objectives The Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes 3:4 study demonstrated a significant beneficial effect of the vasopressin V2 receptor antagonist tolvaptan on rates of kidney growth and eGFR decline in autosomal dominant polycystic kidney disease (ADPKD). This post hoc analysis was performed to reassess the primary and secondary efficacy endpoints by CKD stage at baseline.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenic kidney disease and the fourth leading cause of ESRD in adults worldwide (1, 2) .
Studies in animal models implicated the antidiuretic hormone arginine vasopressin and its second messenger cAMP as promoters of kidney cyst cell proliferation and luminal fluid secretion (3) . The suppression of vasopressin release by means of high water intake, genetic elimination of vasopressin, and vasopressin V2-receptor blockade all reduced cyst burden and protected kidney function in rodent models of the disease (4) (5) (6) (7) (8) (9) (10) (11) (12) .
A randomized placebo-controlled clinical trial (Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and Its Outcomes [TEMPO] 3:4) in 1445 patients with ADPKD with an estimated creatinine clearance $60 mL=l/min and a total kidney volume (TKV) of $750 ml demonstrated a significant beneficial effect of the vasopressin V2 receptor antagonist tolvaptan on the rate of growth of TKV (249%) and rate of eGFR decline (226%) (13) . Of the 1445 patients enrolled in this trial, 502 (35%), 689 (48%), and 248 (17%) of the 1445 patients had CKD stage 1 (CKD1), CKD stage 2 (CKD2), or CKD stage 3 (CKD3), respectively.
Tolvaptan was approved by the regulatory authorities in Japan (March 2014), Health Canada (February 2015) , and the European Medicines Agency Committee for Medicinal Products for Human Use (May 2015) as a therapy for patients with ADPKD and CKD stages 1-3 with evidence of rapidly progressing disease (14, 15) . In the United States, the Food and Drug Administration (FDA) requested additional data to further evaluate the efficacy and safety of this drug in patients in later stages of ADPKD (16) . Replicating Evidence of Preserved Renal Function: An Investigation of Tolvaptan Safety and Efficacy in ADPKD (NCT02160145), a large, multinational, placebo-controlled clinical trial to ascertain the efficacy and safety of tolvaptan in patients in CKD stages 2-4, is in progress.
The request for an additional trial by the FDA was in part due to concerns that, at more advanced stages of ADPKD, tolvaptan may lose pharmacodynamic efficacy and the destruction of renal parenchyma may reach a point of no return at which disease progression could occur by mechanisms not influenced by tolvaptan. Although these are legitimate concerns, other considerations may be reassuring. A recent study in patients with ADPKD who had a GFR .60, 30-60, and ,30 ml/min per 1.73 m 2 showed that the pharmacodynamic efficacy of tolvaptan is maintained in patients with advanced CKD, as reflected by a greater fractional free water clearance and a similar absolute change in TKV (17) . Several experimental and clinical studies in various kidney diseases, hypertension, diabetes, and the metabolic syndrome support a role for vasopressin, via V2 receptors, in the progression of CKD in general and raise the possibility that the blockade of vasopressin V2 receptors may slow its progression (18, 19) . It is also possible that the effect of tolvaptan on the rate of decline of eGFR will be more easily demonstrable in patients with advanced rather than in early ADPKD, when GFR is still normal and not likely to change for many years. This post hoc exploratory analysis was conducted to reassess the primary and secondary efficacy endpoints from TEMPO 3:4 according to underlying CKD stage at baseline.
Materials and Methods

Trial Design
This is a post hoc, exploratory analysis of the TEMPO 3:4 trial (13,18) (ClinicalTrials.gov identifier: NCT00428948, January 26, 2007) . Eligibility requirements included a diagnosis of ADPKD, a total kidney volume of $750 ml as measured by magnetic resonance imaging (MRI), a creatinine clearance of $60 ml/min as estimated by the CockcroftGault formula and an age of 18-50 years. A total of 1445 patients were randomly assigned in a 2:1 ratio to receive tolvaptan (n=961) or placebo (n=484). Following randomization, patients received two doses of study drug per day (morning/afternoon) for 3 years, initiating with a 3-week titration period (45/15, 60/30, and 90/30 mg). Patients remained on the highest tolerated dose throughout the study period. Use of diuretics was avoided and water intake was encouraged.
Trial Assessments
Key assessments included standardized MRI scans of the kidney; measurements of serum creatinine, urine albumin, and BP; and evaluation of kidney pain. Most of these assessments were performed at baseline, at randomization, weekly during dose escalation, every 4 months (monthly in Japan) during treatment, and twice between 1 and 6 weeks after the completion of treatment at 36 months. MRI scans were obtained at baseline and at months 12, 24, and 36 (62 weeks).
Outcome Measures
Subgroup analyses of the primary, composite secondary, and noncomposite secondary endpoints were prespecified in the protocol and reported previously (13, 20) . In this post hoc analysis, we reassessed the primary and secondary efficacy endpoints according to the underlying CKD stage at baseline. The primary endpoint was the annual rate of percentage change in TKV. The composite secondary endpoint was the time to multiple investigatorassessed ADPKD-related progression events. These events included worsening kidney function (a 25% reduction in the reciprocal of the serum creatinine level from the value at the end of the dose-adjustment period, reproduced after at least 2 weeks), clinically significant kidney pain (requiring medical intervention), worsening hypertension (changes in BP category or worsening of hypertension requiring an increase in hypertensive treatment), and worsening albuminuria (according to sex-specified categories) (13, 20) . The next secondary endpoint was the on-treatment slope of eGFR. An additional sensitivity analysis used the change in eGFR from pretreatment to post-treatment. Equations from the CKD-Epidemiology Collaboration adjusted for ethnic group were used to determine eGFR (21, 22) .
Statistical Analyses
Details of the analysis are available in the protocol (13, 20) . For the analysis of the primary endpoint, we compared individual slopes for TKV between the groups by fitting the log10-transformed data on TKV to a linear mixed-effects Laird-Ware model (23) . Antilog (with a base of 10) of the treatment effect and 95% confidence intervals (95% CIs) derived from the model (in a log10 scale) provide a ratio of geometric means of the slope of TKV (i.e., 100% plus annual percentage change). A mixed-model repeated-measures analysis (MMRM), supported by extensive sensitivity analysis on missing data, was also applied to the repeated measures of change from baseline in log10-transformed data on total kidney volume as a sensitivity analysis.
Analysis of the rate of eGFR change from postdose baseline to last on-drug trial visit was similar to the analysis of the slope of the total kidney volume except the eGFR value, instead of log10 scale of the eGFR value, was used, and baseline was a covariate in the model. MMRM analysis was also applied to this efficacy variable as an exploratory analysis using off-treatment eGFR values.
The interactions of CKD stage and treatment group on the annual growth rate of TKV and the annual rate of change in eGFR were derived from a mixed model with the following factors: treatment, time, and CKD stage; twovariable interactions (treatment group and time, treatment group and CKD stage, CKD stage and time); and threevariable interaction (among CKD stage, treatment group, and time).
The primary analyses of all efficacy end points were prespecified as intention-to-treat analyses of data obtained Values expressed with a plus/minus sign are the mean6SD. ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker; CrCl, creatinine clearance; TKV, total kidney volume; ACR, albumin-to-creatinine ratio.
a Expressed as median (interquartile range).
during the treatment period, with sensitivity analyses that included pretreatment and post-treatment data in the intention-to-treat population. SAS software, version 9.4 (SAS Institute, Cary NC), was used for all statistical analyses reported here.
Results
Patients
At baseline for the TEMPO 3:4 trial, 502 (35%), 689 (48%), and 248 (17%) of the 1445 patients had CKD1, CKD2, and CKD3, respectively. Thirty-four percent, 49%, and 17% of patients randomly assigned to tolvaptan and 36%, 47%, and 17% of those randomly assigned to placebo had CKD1, CKD2, or CKD3, respectively. Mean baseline eGFRs were 105 (range, 90.0-132. 8 
Effect of Tolvaptan on Annualized Change in TKV by CKD Stage at Baseline
During the 3-year period of TEMPO 3:4, the administration of tolvaptan reduced the increase in TKV from a rate of 5.5% per year with placebo to 2.8% per year (13) . The post hoc analysis by CKD stage showed that tolvaptan reduced the rates of kidney growth in the three CKD groups: by 1.99% per year (95% CI, 22.85% to 21.13%; P,0.001) for CKD1, by 3.12% per year (95% CI, 23.93% to 22.31%; P,0.001) for CKD2, and by 2.61 per year (95% CI, 24.08% to 21.17%; P,0.001) in CKD3 ( Figure 1A and Table 2 ). These reductions were consistent across the CKD subgroups of interest as determined by a subgrouptreatment interaction analysis (P=0.17). Proportionate effect sizes were similar when patients with CKD3 were split into stages 3a and 3b (Supplemental Figure 1) .
A post hoc MMRM analysis of patients on-drug confirmed the beneficial effect of tolvaptan in the three CKD groups. Least-squares mean change in total kidney volume over the 3-year period for patients with CKD1, CKD2, and CKD3 were 5.9%, 7.2%, and 11.1% with tolvaptan and 13.4% (P,0.001), 18.2% (P,0.001), and 21.6% (P,0.001) with placebo, respectively. Treatment effects trended to be larger during the first year, but year-on-year differences in treatment effects were not significantly different for any CKD stage (P values ranging from 0.09 to 0.86) ( Figure 1B) .
Effect of Tolvaptan on the Composite Endpoint of Clinical Disease Progression Events by CKD Stage at Baseline
Analysis of the key secondary endpoint of time to multiple composite ADPKD-related events (worsening kidney function, kidney pain, hypertension, and albuminuria) showed fewer ADPKD-related events per 100 person-years of followup in tolvaptan-compared with placebo-treated patients (13) . (Figure 2) . The positive results on the composite endpoint were driven primarily by events of renal function decline and renal pain (Supplemental Figure 2, A and B) . Figure 3A and Table 3) . Results for patients in CKD3 were similar when split into CKD3a and CKD3b (Supplemental Figure 3) . Tolvaptan treatment effects on eGFR slope were confirmed by comparing the eGFR values before treatment (at baseline) and those after treatment (after discontinuation of study drug), which favored tolvaptan across CKD1 through CKD3 (Supplemental Figure 4) . Consistent with the beneficial effects of tolvaptan on the rates of eGFR decline, patients with CKD2 and CKD3 randomly assigned to placebo were more likely to progress to a higher CKD stage at the last follow-up visit than those treated with tolvaptan ( Figure 3B ).
Adverse Events by CKD Stage at Baseline
In TEMPO 3:4, patients who received tolvaptan had more adverse events related to aquaresis (thirst, polyuria, and nocturia), whereas those who received placebo had more adverse events related to ADPKD (kidney pain, hematuria, and urinary tract infection) ( Table 4 ). These increased risks were not associated with CKD stage.
A greater proportion of patients who received tolvaptan had elevations in serum sodium, uric acid, and liver enzyme levels on at least one occasion. Episodes of laboratory-defined hypernatremia (serum sodium . 150 mEq/L) were more frequent in patients with CKD3 treated with tolvaptan than in those receiving placebo Values expressed with a plus/minus sign are the mean6SD. TKV, total kidney volume; 95% CI, 95% confidence interval. (P=0.01). Aminotransferase elevation (.2.5 times the upper limit of normal) events ranged from 1.45 to 2.87/100 patient-years of follow-up in the tolvaptan-treated patients compared with 0.22-0.82/100 patient-years of follow-up in the placebo recipients, without relation to CKD stage (Table 4) . Two (one with CKD1 and one with CKD3) of the 958 patients taking tolvaptan (0.2%) met the definition of a Hy's law case. Seventeen percent, 14.6%, and 14.7% of patients with CKD1, CKD2, and CKD3 treated with tolvaptan compared with 5.8%, 4.9%, and 3.5% of those receiving placebo discontinued the trial treatment because of adverse events (Table 4) .
Discussion
The TEMPO 3:4 trial demonstrated a significant beneficial effect of tolvaptan on the rates of TKV growth (22.7 percentage points per year) and eGFR decline (20.98 ml/min per 1.73 m 2 per year) in patients with ADPKD.
Despite the effect of tolvaptan on TKV, concerns have been raised that in patients with more advanced disease this effect might not be observed or sustained or that it might be accompanied by a lesser, insignificant reduction in the rate of decline in renal function. Because the renal function criterion for entry into the trial was based on an estimated creatinine clearance of $60 ml/min by the CockcroftGault equation rather than on an eGFR algorithm normalized to a body surface area of 1.73 m 2 , 17.2% of enrolled patients (248 of 1445) had a baseline eGFR by the CKDEpidemiology Collaboration equation of ,60 ml/min per 1.73 m 2 (CKD3). Here we report the results of a post hoc analysis comparing the main outcomes of the trial by baseline CKD stages 1-3.
The results of the analysis of the primary endpoint trial suggest that tolvaptan was similarly effective in reducing the rate of increase in TKV in patients with ADPKD who had CKD1-CKD3 at baseline. Treatment effects were larger during the first year, but they were also significant during the second and third years, resulting in an incremental effect over time. This incremental effect was larger in patients with CKD2 and CKD3 than in those with CKD1, probably because the CKD1 group included more patients with milder, slowly progressive disease. The effect on kidney volume in the first year was likely due to deflation caused by slowing fluid secretion, while the effect during the second and third years was likely due to decreased cell proliferation as secretion is maintained at a reduced level. This is supported by studies in cultured ADPKD cystic cells in which low concentrations of tolvaptan inhibited arginine vasopressinstimulated, chloride-driven fluid secretion and cell proliferation (24) and by clinical studies that demonstrated acute decreases in TKV as early as 1 and 3 weeks of treatment, which are probably not to be explained by effects on cell proliferation (17, 25) .
The reduction in the rate of kidney growth was accompanied by a slower rate in the decline of eGFR, reflected by lower on-treatment eGFR slopes in patients with CKD2 and CKD3. Tolvaptan and enhanced hydration are known to exert an acute, reversible renal hemodynamic effect, likely through inhibition of tubuloglomerular feedback (17) (18) (19) 25) . Because this could have affected the eGFR slopes on treatment, a sensitivity analysis comparing the change in eGFR values from pretreatment baseline to post-treatment visits after discontinuation of the study drug was performed. This analysis showed a statistically significant, slower decline of eGFR not only in the patients with CKD2 and CKD3 but also in those with CKD1 treated with tolvaptan.
The large treatment effects of tolvaptan on TKV and eGFR in the patients with CKD3 are reassuring, at least as it relates to progression throughout CKD3, given the concern that tolvaptan could become less effective as the disease progresses. Consistent with its effects on kidney enlargement and eGFR decline, tolvaptan delayed the progression of patients with CKD2 and CKD3 at baseline to more advanced CKD stages at the last follow-up visit. Longer follow-up or a larger number of patients would have been required to detect a similar effect in patients with CKD1 who had less advanced and possibly less severe disease.
As previously reported, the administration of tolvaptan was associated with more frequent adverse events related to aquaresis, fewer adverse events related to ADPKD, and a higher frequency of discontinuation of the study drug, mostly related to aquaretic adverse events and elevation of aminotransferases in plasma. None of these, however, was affected by the CKD stage. The only laboratory abnormality that occurred more frequently in tolvaptan-treated patient and that was affected by CKD stage was hypernatremia, defined as an elevation of plasma sodium $150 mEq/L. Recently, an independent, blinded, expert hepatic adjudication committee examined data from TEMPO 3:4 using the five-point Drug-Induced Liver Injury Network classification and identified 16 tolvaptan-treated patients who experienced aminotransferase elevations that were deemed to be probably or highly likely due to study drug (26) . Five of patients with CKD3 (3.1%) had an adjudicated hepatic event versus six patients with CKD1 (1.8%) and five with CKD2 (1.1%) (26) . The analysis presented here is post hoc, carrying the risk of a false-positive result, and should serve as hypothesis generating. While subgroup analyses of the primary, composite secondary, and noncomposite secondary endpoints were prespecified in the protocol and reported previously (13), TEMPO 3:4 was not powered to analyze these endpoints by CKD stage. Patients reported in CKD 3 were predominantly (;75%) in CKD stage 3a; thus, results on each of the endpoints may not fully represent all patients across this spectrum of disease stage. Here we have analyzed secondary efficacy endpoints in a prespecified order with the strategy of preserving a. Once the significance of the analysis is lost, however, subsequent analyses are subject to type 1 error; thus, results of the secondary endpoints should be interpreted cautiously. Replicating Evidence of Preserved Renal Function: An Investigation of Tolvaptan Safety and Efficacy in ADPKD (NCT02160145), a multinational, multicenter, randomizedwithdrawal, placebo-controlled, double-blind, parallelgroup trial, will compare the efficacy and safety of tolvaptan in patients with CKD stages 2-4.
In summary, this post hoc analysis of the TEMPO 3:4 clinical trial suggests that the inhibitory effect of tolvaptan on the rate of kidney growth is similar in patients with ADPKD across CKD1, CKD2, and CKD3, while the beneficial effect on renal function decline is more easily demonstrable in patients with CKD2 or CKD3. This analysis also shows that these beneficial effects are achieved without an increased frequency of adverse events in more advanced stages of the disease except for an increased frequency of hypernatremia in CKD3. Because this is a post hoc analysis, these conclusions need to be interpreted cautiously. 
